Zinc Oxide (ZnO) is an important semiconductor material due to its broad applications, such as in the fields of electronics, optoelectronics, photocatalysts, and solar cells. The main purpose of this work was to investigate the effect of pressure in post-hydrothermal treatment on crystallinity enhancement, crystallite growth, and band gap reduction of ZnO nanoparticles, which could be expected to improve their performance as the semiconductor oxide layer in the dye-sensitized solar cell application. For this purpose, ZnO nanoparticles have been successfully synthesized through the precipitation method, followed by a sequence of thermal treatments including drying, calcination, and Post-hydrothermal Treatment (PHT). For increasing the crystallinity of ZnO nanoparticles, PHT was carried out with a pressure variation of 1 and 3 bar. The resulting nanoparticles were further characterized with X-Ray Diffraction (XRD), Ultra-Violet Visible (UV-Vis) spectroscopy and a Scanning Electron Microscope (SEM). The study showed that by increasing the PHT pressure from 1 to 3 bar caused an adverse effect on the crystallinity, i.e. the crystallite size of ZnO nanoparticles slightly decreased from 27.42 to 26.88 nm. This was expected to be due to the increase of the boiling point of water causing less effective of vapor generated to improve the crystallinity by a cleavage mechanism on the inorganic framework. The band gap energy (E g ), however, was found to increase slightly from 3.25 to 3.26 eV, respectively. Considering the obtained properties, ZnO nanoparticles in this study have the potential to be used as the semiconductor oxide layer in the dye-sensitized solar cells.
INTRODUCTION
In recent years, semiconductor nanomaterials, due to their novel properties over their bulk properties, have received significant attention from worldwide researchers and industry communities (Srivastava et al., 2013) . Zinc oxide (ZnO) is one of important materials which has been gaining special attention for various strategic applications, including solar energy to electrical conversion in dye-sensitized solar cell devices, photocatalysts, and optoelectronics (Kołodziejczak-Radzimska & Jesionowski, 2014; Yuwono et al., 2010) . Various methods have been used to synthesize ZnO nanoparticles, such as precipitation (Srivastava et al., 2013) , solgel (Yuwono et al., 2010) , hydrothermal (Wen et al., 2014) , and chemical bath deposition . In these previous studies, ZnO nanoparticles were synthesized using the precipitation method, considering its low cost and high purity level of the resulting product. Even so, agglomeration is most likely to happen because of the high overall surface energy causing a low crystallinity level, hence it results in non-optimal optical properties, including low level photon absorption (Wang, 2004) . Additionally, Yuwono et al. (2010; have made an effort to improve the crystallinity of TiO 2 and ZnO nanoparticles using posthydrothermal treatment (PHT), which is a water vapor treatment to break down the agglomeration and rearrange the inorganic framework of nanostructured materials, resulting in a much greater crystallinity. Based on their research, an increase in temperature of the posthydrothermal treatment has been found to increase the crystallinity of nanoparticles. However, in their previous study, the pressure of the system was not investigated yet. In fact, the crystallinity enhancement on nanoparticles by this post-hydrothermal treatment not only contributed to the increase of temperature, but also by pressure, according to the ideal gas law.
In the present work, post-hydrothermal treatment (PHT) was carried out with a pressure variation of 1 and 3 bar, which is specifically aimed at investigating the effect of pressure in post-hydrothermal treatment on the crystallinity enhancement, crystallite growth, and band gap reduction of ZnO nanoparticles, which can be expected to improve their performance as the semiconductor oxide layer in the dye-sensitized solar cell application.
EXPERIMENTAL METHODS
The ZnO nanoparticles in this study were synthesized through the precipitation method. The precursors used in this study were a zinc acetate and lithium hydroxide solution. A solution of 0.1 M Zn(CH 3 COO) 2 and 0.2 M LiOH was prepared by dissolving 2.2 gr Zn(CH 3 COO) 2 .2H 2 O (Sigma-Aldrich) and 0.48 gr LiOH (Merck) in ethanol absolute (Merck), respectively. The dried precipitate was ground and washed with warm distilled water (45°C) and moreover, dried again in a standard oven (Memmert, Germany). Subsequently, the dried ZnO nanoparticles were calcined in a tube furnace at 300°C for 2 hours, and then they were post-hydrothermally treated in a pressurized autoclave at 1 and 3 bar, at 100°C for 1 hour. The crystallinity and crystallite size of ZnO nanoparticles were characterized by X-Ray Powder Diffraction (XRD), while the band gap energy of ZnO nanoparticles were characterized by Diffuse Reflectance Spectroscopy (DRS), and a Field Emission-Scanning Electron Microscopy (FEI, FE-SEM) was used to examine the morphology and particle size of the nanoparticles.
RESULTS AND DISCUSSION
XRD traces of as-synthesized (O), as-washed (W), as-calcined (C), and as post-hydrothermally treated (H1 and H3) ZnO nanoparticles are shown in Figure 1 . All the diffraction peaks of the samples can be indexed as wurtzite ZnO by ICDD PDF-2 Files No. 01-080-0075, except for the as-synthesized one. The as-synthesized ZnO was still dominated by the impurities phase, i.e. lithium acetate from the precursor. It was only after washing that the XRD pattern showed a pure crystalline phase of ZnO. According to Figure 1 , the intensity of ZnO peaks increases with a further thermal treatment by calcination and post-hydrothermal treatments, indicating a significant increase in crystallinity. Prior to PHT, indeed it is clearly shown that there was a ghost peak of the lithium acetate in the sample, which was then removed by water vapor treatment, thus causing the lithium acetate to dissolve in water. 
where t is the average crystallite size; k is Scherrer constant (0.89 for spherical particle);  is wavelength of CuK  (1.54056 Å); B is the broadening or full-width at half-maximum (FWHM) in radiant; and  is the Bragg diffraction angle. It should be noted that the broadening due to instrument and strain has been excluded in this investigation, and the estimated average crystallite size of the ZnO samples is presented in Table 1 . From Table 1 , it can be seen that the as-washed sample (W) has the smallest average crystallite size, i.e. 7.37 nm. A significant crystallinity enhancement was obtained after the calcination process, increasing the crystallite size up to 24.48 nm. In this context, the thermal energy facilitated ZnO nanoparticles to grow through the Ostwald ripening phenomenon, where smaller particles diffuse into each other to create much larger particles (Cao, 2004) . A further crystallinity enhancement was obtained by the application of post-hydrothermal treatment at 1 bar (H1) up to 27.42 nm. However, a further increase in pressure of the process up to 3 bar (H3)
did not contribute to a greater crystallite size, even though there was a slightly reduction down to 26.88 nm. This can be likely due to a bigger pressure applied in the process that has increased the boiling point of water, causing less effective vapor generated to improve the crystallinity of ZnO nanoparticles by cleavage. Therefore, it can be concluded from this result that while increasing temperature in the post-hydrothermal treatment can enhance the nanocrystallinity significantly, increasing the pressure did not produce the same results for the crystallinity enhancement.
The diffuse reflectance spectrascopy (DRS) of as-washed, as-calcined, and PHT ZnO nanoparticles are shown in Figure 2 . The as-washed sample shows a good reflectance at wavelength longer than 400 nm, while the as-calcined and PHT samples are red-shifted to 430 nm. This can be most likely attributed to the agglomeration of ZnO nanoparticles (as shown later by SEM results in Figure 3c ), (Kumar et al., 2013) . The band gap energy (E g ) of ZnO nanoparticles was estimated through extrapolation of the linear portion of the graph, using the Kubelka-Munk function (Morales et al., 2007) , which is presented in Figure 2b . Through this procedure, the estimated band gap energy (E g ) of the as-washed ZnO is 3.29 eV, as-calcined ZnO is 3.26 eV, and PHT at 1 and 3 bar ZnO are 3.25 and 3.26 eV, respectively.
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The crystallite growth of each samples contributes to this reduction in band gap energy, which is consistent with the results of estimated crystallite size calculation in Table 1 . This is due to the quantum confinement effect, a phenomenon that occurs when the crystallite size is small enough i.e., below the Bohr radius of the exciton pair, which is around 1-10 nm. The band gap energy increases because of the potential barrier or vice versa, i.e., the band gap decreases when the crystallite grows bigger at the nanometer scale (Poole Jr. & Owens, 2003) . Figure 3 shows the FE-SEM images of the synthesized ZnO particles. In general, the resultant ZnO phase appeared as a 'flakes' morphology (Figures 3a and 3b) . After calcination, the microstructure shows a more spherical particle morphology, as can be seen in Figures 4a and  4b . This might be attributed to the agglomeration of acetate precursors in as-synthesized ZnO.
The particle size of as-washed ZnO is rather large, which is 60 to 80 nm, due to the high agglomeration level (Wang, 2004) , while the as-calcined and PHT ZnO show relatively smaller particle sizes, which are in the range of 27 to 44 nm in diameter. Secondary electron images of the post-hydrothermal ZnO nanoparticles at different pressures can be seen in Figure 5 . Furthermore, Figure 5a shows the morphology at 1 bar, whereas Figure  5b shows the morphology of nanoparticles at 3 bar. As can be seen in this figure, an increase in pressure from 1 bar to 3 bar does not lead to the expected result in crystallinity improvement, even when an adverse effect has occurred, i.e. the particle size is slightly smaller than that of 1 bar. This could be due to high pressure that was applied in the post-hydrothermal treatment in which high pressure would increase the boiling point of water, resulting in a less effective amount of vapor generated to improve the crystallinity by the cleavage mechanism on the inorganic oxide phase network.
CONCLUSION
The investigation results showed that the precipitation technique used to synthesize ZnO nanoparticles in this study has produced nanoparticles with an average crystallite size of 7.37 nm and band gap of 3.29 eV for as-washed ZnO. A significant crystallite growth can be achieved by calcination, which resulted in the crystallite size up to 24.48 nm and band gap energy reduction to 3.26 eV. The pressure-controlled post-hydrothermal treatment at 1 bar could provide a slight increase in crystallite growth to 27.42 nm, and a decrease of band gap energy to 3.25 eV. However, an increase in pressure to the higher level of 3 bar did not lead to the expected result in crystallinity improvement, even when an adverse effect occurred, i.e. the particle size of 3 bar was slightly smaller than that of 1 bar. This was expected to be due to high pressure that was applied in the post-hydrothermal treatment in which high pressure would increase the boiling point of water, resulting in a less effective amount of vapor generated to improve the crystallinity by the cleavage mechanism on the inorganic oxide phase network. The similar band gap of as-calcined and post-hydrothermally treated ZnO may result, due to the brief holding time, hence producing a slower rate of crystallinity enhancement.
ACKNOWLEDGEMENT
The 
